Abstract. Kinetic regularities of α-ethylacrolein and crotonic aldehyde oxidation in methanol, allyl alcohol and glycidol were studied. Rate constants of hydrogen peroxide consumption and rate constants of unsaturated acid and its ester accumulation for both aldehydes in different alcohols at various catalyst concentrations and temperatures were calculated. The reaction activation parameters were also calculated. Dependences of ester/ acid ratio on the reaction conditions were ascertained. Dependence of the reaction rate and the reaction products composition on aldehyde and alcohol structures was shown. Data of the reaction products composition dependence on the reaction conditions conform to the reaction kinetic parameters.
Introduction
The interaction of unsaturated aldehydes with hydrogen peroxide in a liquid phase of organic solvent, which is necessary for reaction mixture homogenization, may proceed only in the presence of a catalyst. It was determined that Selene compounds having oxidation level +4 (H 2 SeO 3 , SeO 2 ) are the best catalysts of this reaction. The reaction proceeds with a high selectivity for unsaturated acid (92 %) [1] [2] [3] .
If the catalytic reaction of unsaturated aldehydes with hydrogen peroxide is carried out in alcohol mediums, the unsaturated acid and its ester are produced simultaneously (both oxidation and oxidative alkoxylation of unsaturated aldehydes proceed simultaneously). This is very important from the point of view of practice since this reaction is a method of one-stage simultaneous production of unsaturated acid and its ester [4] [5] [6] .
The aim of the work was study of kinetic regularities of the reaction of unsaturated aldehydes oxidation with hydrogen peroxide in alcohol medium, as well as determination of the reaction products ratio (ester/acid) dependence on the reaction conditions. For ascertainment of the reaction regularities dependence on aldehyde and alcohol structure the oxidation of two unsaturated aldehydes: α-ethylacrolein (EA) and crotonic aldehyde (CA) in methanol (ME), allyl alcohol (AA) and glycidol (GL) at various temperatures and reagents ratios (aldehyde/alcohol) was studied.
Experimental
The reaction was carried out in the liquid phase. The aldehyde, hydrogen peroxide and the catalyst solution in alcohol were mixed in a batch temperature-stabilized reactor. Change in amount of hydrogen peroxide was monitored by the iodometric method. The amounts of unsaturated acid and its ester were determined by chromatography. The H 2 SeO 3 was used as a catalyst.
Experiments were carried out in a temperaturestabilized glass three-necked reactor with the volume of 100 sm 3 . Calculated amount of alcohol, 0.05 mol of aldehyde, 90 % aqueous solution of H 2 O 2 and the catalyst were charged into the reactor. Moment of the catalyst addition was considered to be the reaction starting point. The reaction mixture was sampled from the reactor for analytical control of the reaction proceeding.
Chromatographic analysis was carried out by the internal standard method in a gas-liquid chromatograph with a thermal conductivity based detector. Helium was used as a carrier gas. Volumetric rate of the carrier gas in the chromatographic column was 1.45 l/h. We used 1.5 meters long chromatographic column filled with Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua Chromaton NAW and 15 % of PEGA. Signal processing was conducted through a differentiating amplifier.
For the reaction kinetic regularities ascertainment sets of experiments were carried out. Kinetic curves of the hydrogen peroxide consumption and kinetic curves of the unsaturated acid and its ester accumulation were obtained.
Results and Discussion
When aldehyde interacts with hydrogen peroxide in alcohol mediums the parallel formation of both unsaturated acid and its ester occurs. And the reaction proceeding may be represented by the following scheme:
In case of unsaturated aldehyde oxidation with hydrogen peroxide in alcohol medium in the presence of a catalyst the reagents are consumed in two ways: the reaction of unsaturated acid formation with a rate constant k c and the reaction of ester formation with the rate constant k b proceeds simultaneously.
It was determined that the curve of hydrogen peroxide consumption and the curve of the reaction products accumulation are characterized by kinetic equations for a second order reaction. And using the integral method the equations describing hydrogen peroxide consumption were obtained: 
and unsaturated acid accumulation: Rectification of the kinetic curves for hydrogen peroxide, ester and acid in mentioned coordinates confirms the proceeding of the investigated reaction according to the laws of the parallel second order reaction. That is why for calculation of the rate constants of hydrogen peroxide consumption ( k p ), the ester accumulation (k b ) and the unsaturated acid accumulation (k c ) the following expressions obtained from the Eqs. (1)- (3), relatively, were used:
Table 1
Model parameters of the oxidation reaction of α-ethylacrolein and crotonic aldehyde in methanol The rate constants of hydrogen peroxide consumption, ester and unsaturated acid accumulation, calculated by the Eqs. (4)-(6) for α-ethylacrolein and crotonic aldehyde oxidation in methanol, allyl alcohol and glycidol, are given in Tables 1, 2 and 3. It is evident from the tables, that the rates of hydrogen peroxide consumption, ester and unsaturated acid accumulation depend on temperature and alcohol/ aldehyde ratio, and they are proportional to the catalyst concentration.
The values of the rate constants ratio k b / k c , given in Tables 1, 2 and 3 are an important characteristic of the parallel reaction. This ratio numerically corresponds to the ratio of parallel reactions rates of products accumulation. And because of the fact that the parallel reactions have the same order, it indicates the ratio of the products molar amounts.
It is very important to analyze the dependence of products ratios (ester/acid) on the reaction conditions (temperature, the catalyst concentration, the reagents ratio and its conversion degree) when choosing optimal conditions of the reaction realization, since the ester is a more valuable product of the reaction.
The constancy of the ester/unsaturated acid ratio in time is common for both aldehydes oxidation in various alcohols. This is confirmed by data of Fig. 1 , corresponding to the model of the parallel reaction of the same order. And it can be stated that the reaction products amounts ratio doesn't depend on the reagents conversion degree.
Dependences of the reaction products ratio on the catalyst concentration, temperature and the alcohol/ aldehyde ratio are given in Figs. 2, 3 and 4 , respectively. These data show that when the catalyst concentration increases (Fig. 2 ) the ester/acid ratio decreases. So, the increase in the catalyst concentration affects the increase in rate of unsaturated acid formation to a larger extent than it affects the increase in its ester formation rate. Comparison of the products ratios for alcohols of different structure indicates that this ratio is larger for allyl alcohol (curves 1 and 2 in Fig. 2 ) then for glycidol (curves 3 and 4 in Fig. 2 ). Data of the ester/acid ratio dependence on temperature conform to data of activation parameters for the rate constants, given in Table 4 .
It is evident from Table 4 that the activation energy of the acid formation reaction ( C A E ) is larger than the activation energy of the ester formation reaction ( B A E ) for the oxidation of both aldehydes in all studied alcohols. This fact conforms to the obtained data of the reaction products ratio (ester/acid) dependence on the reaction temperature, since the temperature increase affects the unsaturated acid formation rate to a larger extent than it affects the ester formation rate.
When the alcohol/aldehyde ratio increases the ester/acid ratio decreases (Fig. 4) . So, excess of the alcohol related to the aldehyde promotes the reaction of the unsaturated acid formation. This fact confirms that the reaction proceeds according to the parallel products formation scheme given above, and denies the possibility of direct esterification of formed unsaturated acid under conditions, on which the reaction was investigated.
The ester/acid ratio decreases when the reaction temperature increases (Fig. 3) . This decrease is especially essential when the reaction is carried out in the methanol medium (curves 1 and 2 in Fig. 3 ). Besides, it is clear from Fig. 3 that the ester formation prevails when the reaction is carried out at low temperatures in methanol. When the reaction is carried out in allyl alcohol or glycidol the unsaturated acid is mainly formed. Ester/Acid Т, К Fig. 2 . Dependence of ester/acid ratio on the catalyst concentration at T = 313 K: ЕА in АA (1); CА in АA (2); ЕА in GL (3) and CА in GL (4) Fig. 3 . Dependence of the products ratio on temperature at С cat. = 0.1 mol/l: ЕА in МЕ (1); CA in МЕ (2); ЕА in АA (3); CA in АA (4); ЕА in GL (5) and CA in GL (6) Table 4 Activation parameters of the reaction of ethylacrolein (EA) and crotonic aldehyde (CA) oxidation in alcohols 
Conclusions
The kinetic regularities of α-ethylacrolein and crotonic aldehyde oxidation reaction in methanol, allyl alcohol and glycidol were studied. It was shown that this reaction is characterized by kinetic laws for second order parallel reactions. Rate constants of hydrogen peroxide consumption and the unsaturated acid and its ester accumulation, as well as activation parameters of these reactions, for both aldehydes in various alcohols at various temperatures and concentrations of the catalyst were calculated. Dependences of the ester/acid ratio on temperature, the catalyst concentration and the alcohol/aldehyde ratio were ascertained. Dependences of the reaction kinetic parameters and the products composition on the aldehyde and the alcohol structure were ascertained. It was shown that data of the dependence of the reaction products composition on the reaction conditions conforms to the reaction kinetic parameters. 
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